We propose and demonstrate a displacement control method at the subnanometric scale based on a Michelson interferometer combined with a polarimeter and a phase-locked loop electronic board.
I. INTRODUCTION
Development in industry is asking for improved resolution and higher accuracy in dimensional metrology. With the miniaturization of electronic components, the need for subnanometer accuracy in dimensional metrology is increasing. Only two kinds of sensors allow reaching nanometer scale accuracy over macroscopic displacement ranges: laser interferometer and linear encoder. Capacitive and inductive sensors have a measurement range of only some micrometers. The linear encoders operate with no mechanical contact between a scanning head and a scale tape composed of a diffraction grating. Their resolution is limited by the periodicity of the gratings to tens of nanometers. A subnanometric accuracy seems hard to reach with this kind of sensors because the gratings of the head and the scale tape are manufactured by means of photolithography. Photolithography is the process in which patterns, specific for a particular chip design, are projected onto resist on silicon wafers. This is done in a wafer stepper or scanner. A semiconductor device is built up from several layers, which need to be positioned onto each other. After each layer the wafer is extracted from the wafer scanner and etched. For the next illumination the wafer has to be repositioned, and in order to form a connection of the lines in two different layers a certain overlay has to be guaranteed. The position information for this is gathered with the use of laser interferometer systems. By miniaturization of integrated circuits the energy consumption can be reduced and the speed of chips can be increased. At this moment linewidths of 80 nm are in use for volume production of advanced memory devices. The overlay error should typically be 30% of the linewidth. [1] [2] [3] Since the laser interferometer is only one component in the entire system the uncertainty of this system has to decrease below the nanometer region. Current demands on the laser interferometer system are already in the subnanometer region. The requirements for future lithography technology are presented by the ITRS roadmap ͑International Technology Roadmap for Semiconductors͒. 4 As one of the difficult challenges the metrology and defect inspection of linewidths below 45 nm is mentioned through 2009. Beyond 2009 the challenge becomes even bigger for measuring critical dimensions down to 7.2 nm in 2018.
To improve the accuracy of displacement laser interferometer systems toward the subnanometer level, research has to be conducted in order to investigate the error sources at this level and to develop a subnanometric position control method. [5] [6] [7] [8] [9] This paper describes the optical sensor we developed in order to control the position of a moving stage with an accuracy at the subnanometric scale. Our system is mainly dedicated to microelectronic fabrication process and nearfield scanning microscopy where most applications need millimeter scale displacements. Under very strict control of the room parameters ͑temperature, mechanical vibrations, etc.͒, the method could be used beyond millimeter displacement ranges.
II. THE POLARIMETRIC INTERFEROMETER
Our position sensor is a combination of a homodyne laser interferometer and a polarimeter, as shown in Fig. 1 . The polarization state of the laser source is controlled at the input of the interferometer, thanks to a Glan-Thompson polarizer combined with a large bandwidth half-wave plate. Such system allows us to polarize linearly the laser beam and to adjust the polarization plan at 45°with regard to the propagation plan. The Michelson interferometer is composed of a polarization beam splitter and three quarter-wave plates put on each arm of the interferometer and at the output of the system. The main difference with a conventional laser interferometer is that the common photodetector used in this kind of sensor is replaced by an optical polarimeter. The polarimeter determines the ellipsometric parameters ͑ , ͒ that characterize the polarization state of the laser beam. The parameters and represent, respectively, the azimuth and the ellipticity of the polarization state of the light beam. In our method, the displacement of the moving mirror is linked to the azimuth instead of the phase of the interferogram. As shown in Sec. II A, this allows a more accurate position con-trol of the moving mirror. The position servo loop control of the moving mirror, also reported on Fig. 1 , is discussed in detail in Sec. II B.
A. Principle
If we refer to E s and E p as the perpendicular and parallel components of the laser field to the propagation plane, using the Jones matrix calculus, [10] [11] [12] the s-and p-components of the optical field at the output of the interferometer are ͑the temporal and spatial propagation terms are omitted͒
͑2͒
Thus, at the output of the interferometer, we have two circularly polarized beams with a phase difference equal to Ϯ depending on the value and on the sense of the displacement. The polarimeter combines the two beams leading to an electromagnetic field with a linearly polarized state given by
͑3͒
Equation ͑3͒ allows us to link the displacement of the mirror to the polarimetric angle by
where 0 is the wavelength under vacuum of the laser source and n is the refractive index of air. The polarization state of the light beam could also be defined by the Stokes parameters. [13] [14] [15] For a normalized and a polarized laser beam, the Stokes parameters are given by S 0 =1, S 1 = cos 2 cos 2, S 2 = cos 2 sin 2,
The value of is then equal to
͑6͒
In our case, the Stokes parameters are measured with a spinning quarter-wave plate polarimeter. This system uses a mechanically rotated quarter-wave plate and employs Fourier analysis of the detected signal to calculate the ellipsometric angles and from the amplitude and the phase of the second ͑2f͒ and fourth ͑4f͒ harmonics of the signal. The intensity measured by the photodetector is a function of the rotative speed of the quarter-wave plate ͑͒ and the Stokes parameters ͑S 1 , S 2 , S 3 , and S 4 ͒ of the incoming light beam. It is equal to
− S 3 sin͑2t͒ ͬ .
͑7͒
By carrying out a Fourier analysis on the intensity I͑͒,w e find that
I͑t͒cos 4tdt,
which are, respectively, the real and the imaginary parts of the fourth harmonic of I͑͒.I f⌬ represents the phase shift of the 4f harmonic component of I͑͒, by calculating the term arctan͓S 2 / S 1 ͔ and using Eq. ͑6͒, we find that
Hence, combining Eqs. ͑4͒ and ͑9͒, we deduce a relation between the displacements of the target mirror ⌬x and the phase shift ⌬ of the fourth harmonic component of I͑͒ as
Hence, we can control the position of the moving mirror by controlling the phase ⌬. According to Eq. ͑10͒, a displacement of the moving mirror of 0 / 2n corresponds to a phase shift on the fourth harmonic of 2. Using commercially available polarimeters ͑PA450 Thorlabs͒ with a resolution on values of 0.01°, the intrinsic limit of this position control method is 70 pm.
B. The servo loop of the position control
The phase-locked loop control method is described in Fig. 2 . A digital synthesis generator puts out two synchronous transistor-transistor logic ͑TTL͒ signals S 1 and S 2 at the same frequency of 14 Hz. The generator is able to make phase shifts on both signals. The signals S motor and S optical are both issued from the polarimeter head. S motor contains information about the rotation speed of the rotating motor. As seen in Eq. ͑7͒, S optical is made up of dc, 2f, and 4f compo- nents. At the output of the signal processing electronic board, S motor and the 4f component of S optical are converted to a TTL signal, thanks to a wave shaping electronic board. S motor is phase compared to S 1 in order to control the angular speed of the motor by a phase-lock loop system made with a phase comparator, a low-pass filter, and the electronic command of the rotating motor. The frequencies of the 2f and 4f components are equal to, respectively, 56 and 112 Hz. The 4f component is filtered with an eighth order continuous-time active filter and is divided by 8 in frequency ͑S H4 ͒. Then the phases of both S H4 and S 2 are compared. The position of the moving mirror is controlled, thanks to the phase of S 2 . The loop filter is a proportional-integral control block with adjustable parameters. If a phase shift occurs on S 2 , the signal error becomes non-null and the servo controller moves the target mirror in order to compensate this phase shift using the Doppler effect. Since the phase shift can be quantified according to Eq. ͑10͒, the displacement of the translation stage could be made step by step with a very accurately known step value. The intrinsic accuracy of the step value is limited by the knowledge of the laser wavelength ͑1 =10 −9 ͒, 17, 18 and by the refractive index of air if the measurements are not made under vacuum. The displacement ranges could reach several centimeters depending on the translation stage used in the system.
C. Experimental setup and results
The polarimeter used in our prototype is a spinning quarter-wave plate polarimeter ͑PA450, Thorlabs͒. The rotating motor has a rotation frequency of 28 Hz. The digital synthesis generator is a AFG3102 Tektronix model and the phase meter is an HP53132A from Hewlett Packard. In our system, the polarimeter is used not only for the positioning control but also to visualize the polarization state of the laser beam at the output of the interferometer.
As seen in Eq. ͑10͒, the displacement value ⌬x is related to the phase of the 4f harmonic component. As S H4 is divided by 8 in frequency, Eq. ͑10͒ becomes
where ⌬ 14 Hz is the phase of S H4 . The wavelength of our laser source ͑Renishaw ML10͒ has been calibrated under vacuum with regard to a national standard reference, and its value is 632.990 577 nm with a relative uncertainty of 7.9ϫ 10 −8 . The minimal phase shift possible with our digital signal generator is 0.01°͑ 174 rad͒. According to Eq. ͑11͒, the minimal theoretical step of displacement is 70 pm. So high level of accuracy can only be reached with a controlled surrounding environment. 19, 20 For this purpose, a weather station is installed to measure the room temperature ͑PT100, 1 = 0.01°C͒, pressure ͑Paroscientific, 1 =3 Pa͒, and humidity content ͑HygroM4, 1 =1%͒. Furthermore, our experimental system is mounted on a free mechanical vibration table and the polarimetric interferometer is sealed in a box with optical windows for the laser beams.
For the purpose of demonstration, phase shifts of as low as 0.71°on the signal S 2 have been made. This corresponds to a theoretical displacement step value of 5 nm. The phase shifts are sent with a periodicity of 10 s. The phase shifts of S H4 relative to S 1 are simultaneously measured by the phase meter and converted in dimensional scale using Eq. ͑11͒.An example of back and forth displacements by steps of 5 nm is reported in Fig. 3 . Position steps of 5 nm could easily be observed. The noise level is about 1.8 nm. Position steps smaller than 5 nm can be achieved with the digital signal generator. As the phase resolution of the signal generator is about 0.01°, steps of as small as tens of picometers could be reached. To observe such small steps, the signal to noise ratio of the measurement board has to be improved. For this purpose, we plan to increase the polarization state modulation frequency by using Pockels cells instead of a rotating motor. This would permit to improve the signal to noise ratio and so, to achieve subnanometric steps. To estimate the repeatability of our displacement system, we repeat 15 times a 1 m displacement by steps of 50 nm under similar conditions. If we note x A and x A Ј, respectively, the first and last position values, the repeatability is defined as the standard deviation of the positioning errors ͑x A − x A Ј͒.
The result is shown in Fig. 4 . The arithmetic mean value is equal to −170 pm and the standard deviation ͑1͒ is equal to 470 pm.
To analyze the resolution of the system, the target mirror is wedged and the loop control is locked, i.e., the signal S H4 is phase locked on the signal S 2 . The signal to noise ratio is recorded over about 350 s. Figure 5 represents the temporal distribution of the signal to noise ratio converted in nanometers ͑upper graph͒ and the corresponding statistical result ͑lower graph͒. The histogram is plotted with a normal distribution overlay. A noise level at 1 of =1.8 nm is found. A linear regression on the temporal distribution has been calculated and represented in the figure by the straight line. It is quite superimposed onto the zero line because the slope is equal to −8.9ϫ 10 −5 nm/ s. We can consider that there is no significant drift. 
III. DISCUSSIONS
In this section, we discuss some errors that affect the uncertainty of the displacement measurements made with our system. One of these errors is specific to our method, i.e., the residual ellipticity of the polarization state of the laser beam. It is widely discussed hereafter. Other sources of errors, most common to displacement measurements made by optical interferometry, are also estimated and references are given for further details. We also discuss the main parameter limiting the resolution of our prototype and the solution we plan to set up in order to improve the signal to noise ratio.
A. Influence of a residual ellipticity on displacement measurement
In order to estimate the influence on the displacement measurement of a residual ellipticity on the polarization state of the laser beam, the quarter-wave plate is slightly misadjusted ͑rotated͒. Then phase shifts of 10°are done on the S 2 signal corresponding to position steps of 70 nm. Figure 6 shows the results of two displacements, respectively, with a perfectly linear polarization state ͑ =0°͒ and with an ellipticity of = 10°, which corresponds to a worst case adjustment possible, taking into account the efficiency of the optical mounts. In this first experiment, the bandpass filter is a second order Rauch filter.
As the rejection ratio between the amplitudes of the 2f and 4f harmonic components is linked to the value of the ellipticity, we developed a theoretical model to simulate the relation between the error on positioning due to the residual ellipticity and this rejection ratio. The simulation takes into account the influence of the second harmonic on the phase of the fourth harmonic with the amplitude and the phase parameters.
Experimental measurements of the ratio are made, thanks to a spectrum analyzer ͑SR785, Stanford͒. We measure a rejection ratio after the filter of about 35 dB for = 0°and 10 dB for = 10°. We put these values in our model and found that for = 0°the theoretical result of the positioning error is around 1 nm. For = 10°, the expected positioning error is around 10 nm, which is in good agreement with the experimental measurement seen on the dashed curve of Fig. 6 . To improve our system, we modified the electronic board. The Rauch filter is replaced by an eighth order continuous-time active filter, allowing a rejection ratio of 40 dB even with a residual ellipticity of 10°. To validate the new system, back and forth phase shifts equal to 2.84°͑ ϳ20 nm͒ are made on S 2 with residual ellipticity values of, respectively, =0°, =5°, and = 10°. The results are shown in Fig. 7 . The effect of a residual ellipticity of the laser beam polarization state is canceled out by the effect of the filtering of the second harmonic. In Table I , we report the positioning error between the first point ͑A͒ and the destination point ͑B͒ for the different values of .
Taking into account that the resolution of the measurement board is 1.8 nm, we can consider that the effect of a residual ellipticity less than 10°on the polarization state of the laser beam could be negligible on the error budget of the displacement measurements with our apparatus.
B. Other sources of error and forthcoming works
All the common sources of errors such as diffraction, cosine error, and laser frequency stability have to be also taken into account for accurate displacement measurements with our system. Systematic and statistical errors in interferometry are well known and have been discussed in length by TABLE I. Position step errors for different ellipticity values. Position A and position B are, respectively, the starting and final positions illustrated in Fig.  7 , averaged over 20 measurements points. The error is the difference ͑A −B͒. Taking into account that the resolution of the measurement board is 1.8 nm, we can consider that the effect of a residual ellipticity less than 10°on the polarization state of the laser beam could be negligible on the error budget of the displacement measurements with our apparatus. several authors. 20, 21 Some systematic errors as those caused from plane mirror misalignment ͑parallel, orthogonal, and cosine errors͒, thermal expansion, and flatness of the mirror are negligible. The total uncertainty includes contributions from the misalignment between the beams, the frequency stability of the lasers, the refractive index of air, and the frequency stability of the Doppler shift. These uncertainties can be added in quadrature to produce an estimate for the uncertainty on the measurement.
The signal to noise ratio of our interferometer is limited by the spinning motor used in the polarimeter head. One reason is due to its rotation speed, which is about 20-30 Hz, limiting the bandwidth of our lock-in loops to tens of hertz. The second reason is due to the mechanical defects of the spinning motor that add phase disturbances on the optical signal at the output of the polarimeter. To improve our system, we plan to use an electro-optic phase modulator instead of a rotating quarter-wave plate. Such device could permit a phase modulation at some megahertz level without any mechanical rotation permitting to reach picometer resolution and repeatability.
